ABSTRACT
RESEARCH
C otton (Gossypium hirsutum L.) is the most important textile fi ber crop of the world and an important oilseed. Cultivation is largely dependent on high-yielding Upland cotton cultivars, but these are low in genetic variation relative to other plant taxa and considered to be vulnerable to potential pathogen or insect epidemics (Committee on Genetic Vulnerability of Major Crops, 1972; Brubaker and Wendel, 1994; Bowman et al., 1996) . U.S. production accounts for nearly 20% of the world supply , but it has been increasingly compromised by the reniform nematode (Rotylenchulus reniformis Linford & Oliveira). Reniform nematode was fi rst reported as a pest of cotton in 1940 by A.L. Smith (1940) and has become a major pest of cotton in the southeastern and south-central United States (Overstreet and McGawley, 1997; Lawrence, 1999; Overstreet, 1999; McLean and Lawrence, 2000; Lawrence and McLean, 
Linkage Mapping of Resistance to Reniform Nematode in Cotton following Introgression from Gossypium longicalyx (Hutch. & Lee)
. We report here on the mapping of a gene for extreme resistance that was introgressed from the African species G. longicalyx (Hutch. & Lee, 2n = 2x = 26; 2F 1 ). The responsible allele, designated Ren lon , was localized to chromosome 11 by fi rst screening A-subgenome simple sequence repeat (SSR) marker loci for parental polymorphism and then for association with resistance. The three most strongly coupled SSRs and a G. longicalyx gene conferring green seed fuzz, designated Fzg lon , were screened against 984 resistant and susceptible individuals of multiple backcross generations. We used marker data and pedigrees to identify nonrecombinant heterozygous parents and thereby avoid bias from repeated sampling of a recombination event. We constructed linkage maps after progeny testing a small population (147) and after implementing three alternative approaches better suited to larger populationsmarker-assisted genotyping analysis, applying a cut-off value as population-wide genotyping criterion, and genotype-selective sampling. The maps concordantly indicated the order to be Fzg lon -Ren lon -BNL3279_114-BNL1066_156-BNL836_215, with most Ren-proximal bilaterally fl anking markers within 6 cM of each other. The results will clearly facilitate use of Ren lon in breeding, additional mapping, genomics, and prospective cloning.
2001; Koenning et al., 2004) . According to Blasingame (2006) , the estimated cotton production loss in the United States due to reniform nematode in 2005 was 115 × 10 6 kg (526,000 bales), conservatively worth US$1 kg -1 (http://www.cotton. org/econ/prices/monthly.cfm).
Control of reniform nematode by cultural means is complicated by a broad host range, an ability to survive in a dormant state and to infest the soil profi le to a depth of more than 1 m, and its high population densities even in the absence of a host (Birchfi eld and Jones, 1961; Birchfi eld and Brister, 1962; Birchfi eld and Martin, 1967; Heald and Thames, 1980; Robinson et al., , 2000 Robinson and Cook, 2001; Lee et al., 2002) . The cost, danger, and difficulty of control by modifi ed cultural practices and chemical treatments are signifi cant and underscore the need to establish genetic resistance in cotton to the reniform nematode. Whereas extensive screening of Gossypium germplasm indicates adequate resistance to be lacking among Upland cotton genotypes, extremely strong resistance is found in the African F-genome diploid (2n = 26) species, G. longicalyx (Hutch. & Lee) (Yik and Birchfi eld, 1984; Jones et al., 1988; Robinson and Percival, 1997; Robinson et al., , 1999 .
Introgression of resistance gene(s) from G. longicalyx into Upland types (2n = 52, [AD] 1 -genome) would expectedly be rendered diffi cult by the need for intergenomic interploid transfer (Koenning et al., 2004) . Indeed, an unsuccessful eff ort to extract the resistance trait from G. longicalyx was undertaken in the early 1990s, using monosomic addition lines developed by Ehou (1983) . Screening of the 12 available segregating addition lines failed to reveal discernibly high levels of resistance among them, although the failure may have been procedural rather than genetic in nature (Frerich 1995) . Successful introgression, however, has been achieved recently (Robinson et al., 2007) .
Successful introgression of the reniform nematode resistance trait of G. longicalyx into Upland cotton commenced with development of two 52-chromosome trispecies hybrids, [(G. hirsutum × G. longicalyx) chromosome-doubled × G. armourianum] (designated HLA) and [(G. hirsutum × G. herbaceum) chromosome-doubled × G. longicalyx] (designated HHL) (Bell and Robinson, 2004; Robinson et al., 2007) . While G. longicalyx (F 1 ) served as donor of the resistance trait, G. armourianum Kearney (D 2-1 ) or G. herbaceum L. (A 1 ) essentially served as "bridge" species to overcome ploidy diff erences relative to G. hirsutum. In 28 lineages from recurrent backcrossing to G. hirsutum that contained reniform nematode resistance, all advanced backcross progeny families segregated ~ 1:1 for resistant: susceptible, and, where studied, self-progeny segregated ~ 3:1 (Robinson et al., 2007) . These results indicated that the reniform nematode resistance trait is inherited as a single, nearly dominant gene or very closely linked genes.
Value can be extracted from the introgressed resistance trait if it is bred into new cultivars, which is far more likely if it is rendered amenable to marker-assisted selection (MAS) methods that are less expensive and more accurate, rapid, and(or) facile than phenotypic evaluations of resistance. Cotton genomic resources for mapping the resistance include several intra-and interspecifi c linkage maps of cotton AD genomes constructed using various molecular markers, including amplifi ed fragment length polymorphisms (AFLPs), simple sequence repeats (SSRs), and restriction fragment length polymorphisms (RFLPs) (Reinisch et al., 1994; Shappley et al., 1998; Ulloa and Meredith, 2000; Abdalla et al., 2001; Zhang et al., 2002; Ulloa et al., 2002; Lacape et al., 2003; Rong et al., 2004; Mei et al., 2004; Nguyen et al., 2004; Lacape et al., 2005; Ulloa et al., 2005) . They include large numbers of mapped public SSR markers that are amenable to simple or high-throughput polymerase chain reaction (PCR) procedures for genome scanning, mapping, or MAS and have been assembled into the Cotton Microsatellite Database (Blenda et al., 2006) .
Here, we report results from a set of linkage mapping experiments aimed at rendering the resistance gene introgressed from G. longicalyx more amenable to breeding manipulations and more approachable for fi ne-mapping, cloning, and molecular analysis. In these experiments, we used publicly available SSR markers and linkage maps, especially those of Lacape et al. (2003) , Nguyen et al. (2004) , and Lacape et al. (2005) , to localize and enumerate the gene conferring the resistance trait, to determine linkage, to select heterozygotes after backcrossing, and to select homozygotes after self-pollination. The mapping eff orts were guided to an extent by the expectation that recombination-based transfer would involve one or more A-rather than D-subgenome chromosomes, because A-and F-genome wild species have greater natural geographic proximity, have more similar chromosome and genome sizes, and exhibit higher meiotic affi nity in G. hirsutum × G. longicalyx triploid and hexaploid plants, monosomic alien additions, and other introgression products (Phillips and Strickland, 1966; Ehou, 1983; Stelly, unpublished data; Dighe, unpublished data) . We used several methods to address the challenges of using breeding materials that encompass multiple lineages and generations to construct a linkage map. The results support a single-locus or single-haplotype model for inheritance in G. hirsutum of the alien resistance trait, identify closely linked fl anking markers, establish the chromosomal location, enable MAS, and foster marker-assisted genotyping. We herein propose to designate the reniform-nematode resistance locus as Ren and the reniform-nematode resistance allele from G. longicalyx at that locus as Ren lon .
MATERIALS AND METHODS

Reniform Nematode Screening
Nematode resistance was defi ned as a low rate of nematode reproduction on healthy roots. Reproduction was evaluated linkage. Advanced backcross generations were bred from 28 highly resistant BC 1 F 1 plants, including 22 from the HLA and 6 from the HHL trispecies hybrids ( Robinson et al., 2007) , and 14 arose from crosses with G. hirsutum cv. Acala NemX. The two sets of HLA-derived lineages or families were dubbed HLA-A and HLA-B, respectively. Cross-pollinations of HHL with Acala NemX gave rise to the six resistant BC 1 F 1 plants (Table 1; Robinson et al., 2007) . In addition to the above were another six highly resistant BC 1 F 1 plants 99, 110, 117, 119, and 123 ) that were never advanced beyond the BC 2 F 1 generation (Table 1) . Out of 2373 plants of multiple backcross generations (BC 1 to BC 6 ) that were classifi ed for nematode resistance by Robinson et al. (2007) , 896 reniform-classifi ed backcross plants were used in this mapping study (Table 2 ). The reniform-resistance status of directly by counting mature females and eggs on roots or indirectly by counting vermiform nematodes within soil (Robinson et al., 2006) . In the direct assay, nematode-free plants were grown 8 to 12 wk until pot-bound within 500-mL cups. Then the root "ball" of each cup was removed, slipped into a close-fi tting, cup-shaped sleeve fashioned from fi berglass window screen fabric, and transplanted into a 3-L pot containing soil infested with R. reniformis. The pot was then placed in a controlled environment chamber for 3 wk, when the root balls were gently lifted from pots. New roots that had grown out through the screen from the root ball into the infested soil were cut off with scissors, collected, placed in fi xative and examined microscopically to evaluate female nematode development and presence or absence of associated eggs. In the indirect and most frequently used assay, seeds were scarifi ed by nicking the seed coat, germinated in moistened, rolled blotter paper, and transplanted individually into 500-mL cups, which were held in a greenhouse for 10 to 14 d, then inoculated with 4000 nematodes per plant. After inoculation, plants were held in a controlled environment chamber for 7 wk, at which time three soil cores weighing 40 g total were removed from each cup and analyzed to measure the concentration of active, vermiform R. reniformis in the soil. In both methods, selected plants were retained for breeding or leaf tissue generation for DNA studies by transplanting to larger pots containing nematode-free potting medium. (Bell and Robinson, 2004) . Both trispecies hybrids were used to introgress reniform nematode resistance (Robinson et al., 2007) and to analyze Four families from the HLA-A set were self-pollinated to create populations that were phenotyped for reniform nematode resistance; their pedigrees are described in Fig. 2 and by Robinson et al. (2007) . These populations were developed at BC 1 , BC 3 , and BC 6 generations. Resistant plants BC 1 F 1 -103 and BC 1 F 1 -85 were self-pollinated to create a total of 12 BC 1 S 1 plants that were analyzed for reniform nematode resistance. Reniform resistance status of 2 of the 12 BC 1 S 1 plants was confi rmed by testcross analysis. One highly resistant BC 3 F 1 plant from each of the HLA-A77 and HLA-A84 families was selfed to create 14 and 28 BC 3 S 1 plants, respectively. Resistance status of all 14 BC 3 S 1 plants derived from HLA-A77 lineage was confi rmed by testcross analysis. A highly resistant BC 6 F 1 plant from HLA-A84 family was selfed to create 34 BC 6 S 1 plants. The resistance status of 28 of the 34 BC 6 S 1 plants was confi rmed by testcross analysis. A total of 88 reniform-classifi ed self-progeny plants were genotyped for linked markers, including 44 plants that were confi rmed by testcross analysis. Overall, 984 plants including 896 backcross and 88 self were used to map the reniform nematode-resistance locus. Out of these 984 backcross and self plants, the reniform resistance status was confi rmed by testcross analysis of 147 plants (103 backcross and 44 self ), but not the remaining 837 individuals. All the plants were maintained in the greenhouse. For controlled pollinations, fl oral buds were hand-emasculated the evening before anthesis and hand-pollinated early on the day of fl owering.
Plant Materials
DNA Panels
DNA was extracted from the fresh, folded or newly unfolded leaves by a miniprep method (Zhang and Stewart, 2000) . DNA yields were estimated using a TD-360 Fluorometer (Turner Designs, Sunnyvale, CA). We created three types of DNA panels for progressive screening and evaluation of markers, the fi rst for parental polymorphism, the second for association with resistance, and the last to confi rm the association and estimate the linkage intensity with the gene (s) Figure 2 . Flow diagram describing the development of BC 1 S 1 , BC 3 S 1 , and BC 6 S 1 populations that were phenotyped for the reniform nematode resistance and genotyped for fl anking markers. "Pool" includes four Gossypium hirsutum cultivars: PM-1220RR, Tamcot Sphinx, SG-125, and STV-473. The number of nematode-resistant plants for which the "resistant" classifi cation was tested and confi rmed by phenotypic analysis of their testcross (TC) progenies is denoted parenthetically, e.g., "(28 TC)." NemX, Acala NemX; DP, Delta and Pine Land; SG, SureGrow; PM, PayMaster; STV, Stoneville; RR, Roundup Ready. BC 4 F 1 , BC 5 F 1 , BC 6 F 1 , BC 7 F 1 , and BC 8 F 1 ) and 88 self-progeny (BC 1 S 1 , BC 3 S 1 , and BC 6 S 1 ) of nematode-resistant plants derived from the HLA and HHL trispecies hybrids, as summarized in Table 2 . The lineages and structures of these populations are detailed in Robinson et al. (2007) .
SSR Markers
Simple sequence repeats to be screened for parental polymorphism and association with the resistance trait were preferentially drawn from A-subgenome loci because recombination-based transfer of G. longicalyx resistance gene(s) was deemed more likely involve an A-rather than a D-subgenome chromosome of G. hirsutum. We initially selected 48 SSR primer pairs from the 13 A-genome linkage groups reported by Lacape et al. (2003) and Nguyen et al. (2004) , averaging three primer pairs per linkage group. After two primer pairs from the A03 linkage group (LG) indicated putative linkage to the reniform nematode resistance locus, Ren, another 10 primer pairs from LG A03, and four primer pairs from its homeologous LG D02, were selected from the published maps (Lacape et al., 2003; Nguyen et al., 2004; Frelichowski et al., 2006 ) making a total of 62 SSR primer pairs that included 52 BNL (Brookhaven National Laboratory), four CIR (CIRAD), and six MUSB primer pairs.
LG A03 and D02 are now identifi ed as chromosomes 11 and 21, respectively (Wang et al., 2006) . All 62 SSR primer pairs used in this study were initially screened against the parental polymorphism screening panel. For a given marker, a specifi c polymorphism was denoted herein by appending the amplicon length in base pairs to the primer designation, such as BNL1066_156 for the 156-bp amplicon using primer pair BNL1066. The allelic sizes for the polymorphic markers were calculated from the prediction equations obtained by running regression of the molecular standard sizes (LI-COR Inc., Lincoln, NE) on the distance of the molecular standard sizes from a common starting point. Primer pairs that revealed polymorphism between the resistant group (F 1 and HLA) and the susceptible group (AD 1 and D 2-1 ) were selected and screened on the trait-association panel consisting of the 12 most resistant and the 12 most susceptible plants in a BC 2 F 1 population to identify markers linked to the resistance locus, Ren. These putatively linked primer pairs were then screened on a linkage detection panel consisting of phenotypically classifi ed plants from the backcrossed and self generations described in Table 2 to identify the markers most tightly linked to the resistance gene, Ren lon and to map the resistance locus, Ren. All 62 primer pairs used in this study were synthesized for the polyacrylamide gels run on dual-dye LI-COR 4200 IR 2 gel detection system (LI-COR Inc., Lincoln, NE). The SSR primer sequences used in this study are described in Cotton Marker Database (http://www.cottonmarker.org/). Each forward primer was labeled with infrared fl uorescent dye (IRD 700 or IRD 800, MWG Biotech AG, Eurofi ns MWG Operon, Huntsville, AL). Polymerase chain reaction amplifi cations were performed in 8 μL volume containing 10-ng genomic DNA, 10x PCR Buff er, 3 mM MgCl 2 , 0.3 mM dNTPs, 0.04-μM IRD-labeled forward primer, 0.04-μM reverse primer, and 0.4 U Taq polymerase (Promega, Madison, WI). All PCR amplifi cations were performed using a PCR system 2700 thermal cycler (Applied Biosystems, Foster City, CA) under the following conditions: an initial denaturation step at 94°C for 5 min, followed by 25 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min 30 s. A fi nal extension step of 7 min at 72°C was included. After denaturing at 94°C for 4 min, the PCR products were loaded onto 25-cm gels (0.25 mm spacer thickness) containing 6% Gene-PAGE PLUS (6% modifi ed acrylamides, 7 M urea, 0.089 M tris, 0.089 M boric acid, 0.002M EDTA) (Amresco Inc., Solon, OH). Electrophoresis was performed on a dualdye LI-COR 4200 IR 2 gel detection system (LI-COR Inc., Lincoln, NE). Fragment sizes were determined relative to 50 to 700 bp IRD labeled (IRD 700 and IRD 800) molecular standard (LI-COR Inc.).
Phenotypic Marker
In the early backcross generations, we observed that a maternal tissue trait of seed, gray-green seed fuzz from G. longicalyx (Saunders, 1961) cosegregated with the reniform nematode resistance locus. This result was confi rmed after scoring 34 reniform-classifi ed BC 6 S 1 plants for seed fuzz color (Fig. 2) . We propose to designate the green fuzz color locus as Fzg and the green fuzz-colored allele from Gossypium longicalyx at that locus as Fzg lon . To map Fzg relative to the resistance locus, phenotypes were scored on the linkage detection panel consisting of 708 backcrossed and self plants across generations.
Green Fuzz Ratings
The green fuzz character was rated on a scale of 0 to 3, where 0 = no green fuzz, 1 = faint green fuzz, 2 = intermediate level of green fuzz, and 3 = most intense green fuzz. Comparisons were made among siblings of backcrosses or selfs, the last backcross cultivar grown under the same conditions, and a comparable progeny from a HLA-A85 family line that consistently showed distinct segregation of the green fuzz character.
Usually, 20 to 30 g of seed from the plant being rated were placed in clear, 10-cm-wide petri dishes and placed alternatively on black and white backgrounds. Ratings of 0 to 1 were considered negative, while 2 to 3 ratings were considered positive for seed fuzz classifi cation.
Linkage Estimation Methods
We used several approaches to estimate linkage between the markers and the resistance gene based on segregation across several multigenerational lineages, each including multiple opportunities for recombination (Table 2; Fig. 2 ). The fi rst approach relied exclusively on progeny testing to determine genotypes at the resistance locus. The other three approaches reduced or eliminated reliance on progeny testing and were thus prospectively applicable to larger populations. The second approach was based on marker-assisted genotyping. The third relied extensively on a nematode assay "cut-off " value applicable to metric data from nematode assays. The fourth relied on genotype-specifi c sampling of the population, using plants that had resistance assay phenotypes that corresponded unerringly with a specifi c genotype (susceptible). In all approaches, we undertook measures to preclude potential bias from repeated sampling across generations of a given recombination product and diff erences among markers as to the availability of data among plants.
The fi rst linkage estimate was based on 147 plants (103 backcross and 44 self-progenies) for which reniform resistance classifi cations from 147 single-plant assays were validated through testcross progeny tests. Knowing the resistance genotypes of these 147 plants, we assessed their relationship to nematode assay levels, %DP-16 (percentage of the susceptible control genotype, DP-16). We sought to determine the value that would best discriminate between resistant and susceptible genotypes. We established %DP-16 of 12% as a cut-off value for classifi cation of resistance (<12%) versus susceptibility (>12%). We subsequently used this criterion to assign genotypes based on nematode assay data, as noted below in the following two approaches.
The second approach relied extensively on marker-assisted genotype analysis to determine the resistance locus genotype. From the fi rst linkage estimate, we identifi ed closely linked markers, approximately 5 cM apart, that fl ank the resistance gene. Inferring from their close linkage that double crossovers between them would be absent or extremely infrequent, we used combinations of fl anking markers to determine the resistance and susceptible genotypes of all non-recombinant plants, expectedly ~95% of the population. For the marker-recombinant remainder, expectedly ~5%, we phenotypically classifi ed genotypes according to the 12% nematode assay classifi cation criterion noted above. We thereby established Ren genotypes of all 631 individuals of the breeding materials described by Robinson et al. (2007) for which DNA and seed were available for requisite marker scoring, and we then recalculated linkage relationships.
The third approach relied extensively on the aforementioned cut-off value of 12%. We applied this classifi cation criterion to all individuals (837) of the overall population (984) that had not been genotyped by progeny testing (147). Using all 984 genotypic assignments, we calculated linkage relationships.
In the fourth approach, we increased the reliability of phenotypic classifi cations within the mapping population by including only "susceptible" individuals above the assay level of 32.5% (%DP-16), the median value observed by Robinson et al. (2007) . Marker analyses of all 390 individuals above this cutoff level revealed an absence of resistance-associated fl anking markers and strongly indicated that essentially all individuals with %DP-16 > 32.5% were susceptible. The group of excluded segregants was comprised of all "resistant" and any susceptible segregants for which the nematode assay levels were shy of unequivocal. This approach enabled a relatively large mapping population of reliably classifi ed individuals but avoided the need for large-scale progeny testing. Linkage was estimated again and used to create a "susceptible-only map."
To avoid bias that would arise if a given recombination event were to be repeatedly sampled across generations, we restricted the linkage estimation for each marker to progeny from parents that were heterozygous for the resistance and that marker. We thus diff erentiated between progeny that inherited a crossover product of preparental recombination origin (linked marker absent from the resistant parent), referred to here as preexisting recombinants, versus a crossover product of parental origin (linked marker present in the resistant parent). Because each marker was aff ected by a diff erent set of recombination events, slightly diff erent subpopulations of the overall population of 984 plants were used to calculate linkage between the individual markers and the resistance gene.
Most of the 984 resistance-classifi ed plants (Table 2) were successfully genotyped for all three SSRs, BNL3279_114, BNL1066_156, and BNL836_215. Fewer progeny were screened for the green fuzz trait, which is a trait of the seed coat and thus determined by the maternal genotype. Green fuzz classifi cations were not made from many susceptible segregants of early-generation breeding populations, as most were discarded before seed formation, i.e., before fuzz color could be determined. Determinations were made for segregants from which seed were available from self-, open-, or cross-pollination of the seed parent. Overall, green fuzz classifi cation data were collected on 642 backcrossed and 66 self-pollinated plants.
Molecular marker data and reniform resistance classifi cations of individual plants in various backcross and self generations were analyzed collectively for linkage and marker order by using Carthagene software (Givry et al., 2005) . Data from the backcross and self populations were merged using the "dsmergen" command. Markers were assigned to a linkage group by analysis of the merged population using the 2-point logarithm of odds (LOD) with a LOD threshold of 3.0 and distance threshold of 30 cM. Recombination fractions were converted into centiMorgans based on Haldane's mapping function (Haldane, 1919) . The linkage map was constructed by executing the "build" function, which uses multipoint maximum likelihood estimates to determine locus order and estimate distances among loci.
RESULTS
Polymorphism and Trait Association
Initial screening of the 48 primer pairs for parental polymorphism revealed that 9 were monomorphic (19%) and 39 were polymorphic (81%) between the resistant parent, G. longicalyx, and the susceptible, cultivated parent, G. hirsutum. For 17 (35%) of the 39 polymorphic loci, the G. longicalyx-specifi c alleles were present in G. longicalyx and HLA (trispecies hybrid) and absent from G. armourianum and G. hirsutum. When these 17 primer pairs were run against the trait-association panel to scan for linkage to the reniform nematode resistance locus, Ren, highly coincident distributions were noted for amplicons BNL1066_156 bp (Fig. 3 ) and BNL836_215 bp (not shown), which indicated their linkage to the resistance locus, Ren. This inference was strongly reinforced by linkage of these marker loci (Lacape et al., 2003; Nguyen et al., 2004; Lacape et al., 2005) , as well as their synteny and physical proximity (Gao et al., , 2006 . The presence and absence of marker BNL1066_156 coincided exactly with resistant and susceptible BC2F1 plants, whereas that of BNL836_215 was present for 10 out of 12 resistant plants and absent in all 12 susceptible plants.
Guided by association of the SSR loci BNL1066 and BNL836, we used the linkage maps of LG A03 (chromosome 11) and its homeologous linkage group, D02 (chromosome 21), to identify SSR markers that might be tightly linked to the resistance gene, Ren lon introgressed from G. longicalyx into G. hirsutum. Fourteen additional SSR primer pairs (4 BNL, 4 CIR, and 6 MUSB) from linkage groups A03 and D02 defi ned by Lacape et al. (2003), Nguyen et al. (2004) , and Frelichowski et al. (2006) were selected and screened for parent polymorphism. Of these 14 primer pairs, only BNL3279 of the D02 group (Lacape et al., 2003; Nguyen et al., 2004) amplifi ed codominant alleles (112 and 114 bp) that were polymorphic between the resistant parents (G. longicalyx and HLA) and the susceptible parents (G. hirsutum and G. armourianum).
Upon screening the remaining 13 primer pairs across a BC 6 S 1 population of 34 plants, however, we found that primer pairs BNL1231, CIR003, and CIR196 yielded dominant markers linked in repulsion with the resistance locus. When screened against the trait-association panel, primer pair BNL3279 diff erentiated all 12 resistant from all 12 susceptible BC 2 F 1 plants, with a 114-bp band being present only in the resistant plants. This marker is designated herein as BNL3279_114 (Fig.  3) . The segregation pattern of the SSR locus BNL3279 in the backcrossed generations across the resistant families supported Mendelian inheritance (X 2 = 0.03; P = 0.87) with good homogeneity among the families (X 2 = 22.5, P = 0.60; Table 3; Supplementary Table S1 ).
Green Fuzz Inheritance and Association
The reniform-nematode resistant plants formed green seed, due to the presence of green-colored seed "fuzz," the naturally short integument-derived fi bers. Development and color of fuzz fi bers are distinct from "lint," the longer fi bers. This trait has been reported previously for G. longicalyx (Saunders, 1961) . The segregation pattern of the green fuzz in the backcrossed generations across the resistant families supported Mendelian monogenic inheritance (X 2 = 0.003; P = 1), with good homogeneity among the families (X 2 = 21.26; P = 0.57) ( Table  3; Supplementary Table S1 ). The strong modality of phenotypic segregation for green versus white fuzz indicated qualitative inheritance, and the presence of green-fuzzed backcross hybrids indicated that expression of the segregating green fuzz allele was dominant or codominant. The association between Fzg and the resistance locus, Ren, was confi rmed after scoring 34 fully classifi ed BC 6 S 1 plants for green fuzz. The green fuzz character occurred in homozygous and heterozygous resistant plants. It was more intense (Fig. 4) in the former and distinguished 12 homozygous resistant, 14 heterozygous resistant and 8 susceptible plants, as classifi ed by nematode bioassays and marker BNL3279_114 (Fig. 5) . Thus, Fzg lon exhibits codominance, a useful feature for marker-based selection and genotyping.
Chromosomal Location, Homeology and Allelism
We found BNL3279_114 to be closely associated with resistance. Primer pair BNL3279 amplifi es a 122-bp fragment from the D02 group, and marker BNL3279_122 has been mapped to the D02 linkage group by Lacape et al. (2003) and Nguyen et al. (2004) , now known to be chromosome 21. Although a genomic sequence (BNL3279_122) amplifi able with primer pair BNL3279 was mapped to the D02 group, BNL3279 also amplifi es a 112-bp fragment in G. hirsutum. Our results (Fig. 5) indicate that BNL3279_112 and BNL3279_114 are the alleles of the same locus, where the former is contributed by G. hirsutum and the latter is from G. longicalyx. Primer pair BNL3279 also amplifi es a 121-bp fragment in G. armourianum (D 2-1 ), which is allelic to marker BNL3279_122 of the D02 group of G. hirsutum. The linkage of BNL3279_114 with markers, BNL1066_156 and BNL836_215, from A03 linkage group indicates that the gene for reniform nematode resistance is located on the A03 linkage group (chromosome 11) and that primer set BNL3279 is capable of amplifying a homeologous gene in the A03 group. Interestingly, the green fuzz trait from G.
barbadense was mapped to the D02 linkage group by Lacape et al. (2003) and Nguyen et al. (2004) . We surmise that the green fuzz gene of G. longicalyx, Fzg lon , is homeologous to that of G. barbadense, but this remains to be determined.
Avoidance of Pre-existing Recombination Products
In this study, DNA was sampled from 984 plants of a complex multigeneration interspecifi c backcross breeding program (Table 4 ). The multiplicity of generations and lineages greatly increased the likelihood for repeated sampling of recombination products across multiple backcross generations. Such resampling would bias linkage estimates. In early backcross generations, inheritance of the resistance and linkage relationships were unknown, and plants were selected for subsequent backcrossing on the basis of their observed resistance to reniform nematodes, without marker analysis (Robinson et al., 2007) . Our retrospective marker analyses revealed that 13 lineages and sublineages contained relevant recombination events that were sexually propagated. The retrospective analysis (Table 4; Supplementary Table S2 ) diff erentiated between parental de novo recombination products on a marker-specifi c basis, where the resistant parent contained the marker of interest, versus "pre-existing recombination" products, where the resistant parents already lacked the marker of interest, due to a recombination event in a prior generation. For example, the very fi rst plant of the HLA-B91 lineage, a BC 2 F 1 plant, contained a de novo recombination event between the resistance locus, Ren, (65) 419 (50) 25 (2) 218 (12) 6 (1) 31 (3) 4.6 † NCO, no crossover; XO, crossover; R-M, resistant and marker present; R-NM, resistant and marker absent; S-NM, susceptible and marker absent; S-M, susceptible and marker present. ‡ Percent recombination. § Numbers in parentheses indicates plants from self-pollination, whereas the remainder are from backcrosses to susceptible parents. ¶ NA, not applicable. and all three linked SSR markers, and we classifi ed all subsequent generations as "pre-existing recombination" products and excluded them from linkage calculations for the respective markers (Table 4; Supplementary Table S3) . In contrast, the same HLA-B91 BC 2 F 1 plant was nonrecombinant between Ren and Fzg, so the progenies derived from that plant were included in calculating linkage estimates for Fzg lon (Table  4; Supplementary Table S3) . Following these principles to eliminate individuals that would lead to bias, we reduced the marker-specifi c mapping populations for the three SSRs to 930, 909, and 770 plants, respectively (Table 4 ; Supplementary Table S3 ). For similar reasons, linkage estimation for Fzg was reduced to just 668, versus 708 plants for which seed and DNA were available (Table 4;  Supplementary Table S3 ).
Linkage Estimation after Progeny Testing
Map distances of all four marker loci from the resistance locus were fi rst estimated using 147 plants, for each of which the reniform resistance classifi cation was confi rmed by testcross progeny analysis (data not shown). The estimates placed the resistance gene between the markers BNL3279_114 and green fuzz (Fzg lon ) at 0.5 and 4.5 cM, respectively (Fig. 6A ). BNL1066_156 and BNL836_215 were 3.4 and 12.2 cM away from the resistance locus, respectively, beyond BNL3279_114. Knowledge of these linkage relationships facilitated subsequent eff orts to utilize the larger breeding populations to achieve higherresolution linkage maps.
Defi ning a Cut-Off Value for Genotypic Classifi cation
The progeny-tested map population of 147 genotypes was also used to determine a single nematode assay level (%DP-16) for discriminating between resistant and susceptible genotypes. The frequency distributions for high and low nematode resistance assay levels (%DP-16) were shown previously to be bimodal in the backcross populations that segregate for resistance (Robinson et al., 2007) . The median resistance level for 2373 backcross progeny was 32.5%, but resistance levels varied among the 19 experiments. We found that all individuals of the markerassisted genotyping subpopulation with nematode assay levels above the median value (32.5%) were invariably susceptible, as inferred by Robinson et al. (2007) . Robinson et al. (2007) experimentally verifi ed that misclassifi cation of susceptible genotypes as resistant was more likely than vice versa. Our analysis of the marker-assisted genotyping subpopulation (631) revealed that 12 susceptible individuals had assay values below 32.5%, ranging from 12.5 to 32.5%. In the analysis, we assumed that no Ren-spanning double recombination events occurred between BNL3279_114 and Fzg lon . At the lower end of this phenotypic range, specifi cally 13 to 16%, marker-assisted genotyping analysis revealed that three resistant plants had both BNL3279_114 and Fzg lon . A small degree of phenotypic overlap was thus revealed at 13 to 16%. Testcrosses were available for one of these plants and confi rmed its resistance. On the basis of the marker-assisted genotyping results, we set 12% as the phenotypic cut-off for classifi cation of all plants.
Linkage Estimation after Marker-Assisted Genotyping
Using the knowledge gained from the initial linkage mapping experiment of the close BNL3279-Ren-Fzg linkage relationships, we used genotypes at the BNL3279 and Fzg loci to assign genotypes at the Ren locus of 602 marker-nonrecombinant individuals. For the 29 marker-recombinant individuals, we assigned genotypes according to the 12% cut-off value. Linkage estimates from the marker-assisted genotyping subpopulation (631) placed the Ren locus 0.7 cM from BNL3279 and 3.7 cM from Fzg (Fig. 6B) . The distances from Ren to BNL1066 and BNL836 were estimated to be 1.3 and 4.2 cM, respectively.
Linkage Estimation for the Overall Population
Since progeny tests had previously established genotypes for 147 segregants of the overall population (984), we then applied the classifi cation criterion determined above to the remaining 837 segregants. Segregants with %DP-16 values of 12% or less were classifi ed resistant, whereas those with more than 12% were classifi ed as susceptible. All 984 classifi cations were used to analyze linkage relationships and develop a "population-wide map." The results indicated that the reniform nematode resistance gene, Ren lon , is fl anked proximally by BNL3279_114 and distally by Fzg lon with linkage estimates of 1.4 and 4.5 cM, respectively, and that BNL1066_156 and BNL836_215 are 2.0 and 4.4 cM proximal to the resistance gene, respectively (Fig. 6C ).
Linkage Estimation after Genotype-Specifi c Sampling
Lastly, we used an approach that avoided progeny testing by selectively using only plants for which the resistance locus genotypes could be reliably inferred from nematode assay data. We identifi ed a subpopulation of susceptible segregants (390) with individual plant assay values (%DP-16) exceeding 32.5%. As noted above, our analyses to date have shown nematode assay levels above 32.5% correlate perfectly with genetic susceptibility, without need of progeny testing or marker-assisted genotyping. Using this genotype-specifi c subpopulation, we calculated recombination percentages and constructed a "susceptible-based map" (Table 5 ; Fig. 6D ). Linkage estimates of the susceptible-based map did not diff erentiate markers BNL3279_114 and BNL1066_156 from each other, mapping both of them 0.8 cM away from the resistant locus. Markers, BNL836_215 and Fzg lon were 1.4 and 2.8 cM away from the resistance locus, Ren, respectively. Fzg lon was mapped to a location opposite the three SSR loci, relative to the resistance locus.
Reliability of Nematode Resistance Classifi cations
We evaluated resistance classifi cations and marker genotypes of individual plants in several self-progeny families by creating testcross progeny and directly assessing their nematode resistance. One such set consisted of 34 BC 6 S 1 plants derived from a highly resistant BC 6 F 1 plant from family HLA-A84, including 28 confi rmed by testcross analysis (Fig. 2) . In this set, BNL3279_114 (Fig. 5) and Fzg lon markers diff erentiated homozygous resistant, heterozygous resistant, and susceptible plants in 1:2:1 ratio, respectively (X 2 = 2.0, P = 0.37), as predicted by the reniform nematode assays. The results supported the conclusion that the resistance gene is controlled by a single dominant gene or haplotype (Robinson et al., 2007) . In the same set of plants, BNL1066_156 (Fig. 5 ) and BNL836_215 had one and three recombinants, respectively. All three linked SSR markers were also screened on 12 BC 1 S 1 and 42 BC 3 S 1 resistance-classifi ed plants, including 14 BC 3 S 1 plants whose resistance classifi cation was confi rmed via nematode bioassays on their testcrosses (Fig. 2) The mapping population size for Fzg lon was smaller than for the simple sequence repeat loci because phenotypic data on green fuzz were not collected from many "susceptible" segregants discarded at seedling stages, before seed set, and for other individuals for which the only available seed were from backcrosses made using the resistant/green fuzz plants as male parents rather than female parents. with BNL3279_114; it included just one lineage, which lost BNL3279_114 by way of recombination in an early generation. However, Fzg lon was present in the HLA-B91 lineage, where it served to distinguish resistant and susceptible plants. The fi ndings indicate that MAS is highly applicable to breeding schemes commonly used for genetic improvement and research.
Skewness of Recombination Products
Classifi cation data from backcross and self-progenies indicated that 12 of the 34 families included no products from recombination between the alien segment carrying the resistance locus and the four linked markers (Supplementary Table 3S ). Among the other families, there were 14, 19, 38, and 31 recombinants between the resistance locus, Ren, and markers BNL3279_114, BNL1066_156, BNL836_215, and Fzg lon , respectively (Table 4 ; Supplementary Table S3 ). Interestingly, the population of recombinants was skewed heavily toward the resistant class, specifi cally, 11:3, 16:3, 33:5, and 25:5, respectively. However, among the overall population of nonrecombinants in these same families, the ratio of resistant to susceptible plants was also skewed, albeit much less so (Table 4; Supplementary Table S3 ), thus complicating possible explanations for the excess of resistant progeny among recombinants. To determine if the recombinant and nonrecombinant plants were equally distributed among the resistant and susceptible class, contingency chi-square tests for independence were conducted for the four linked markers. Signifi cant association occurred between the recombination status and the resistance status for BNL1066_156 and BNL836_215, but not BNL3279_114 or Fzg lon . We observed no obvious genetic cause(s) for the association between the recombination status and the resistance status for BNL1066_156 and BNL836_215, but the skewness may refl ect selection against (non)recombination products that carried one or more specifi c alien genes near or proximal to these markers. Nevertheless, we attribute at least some of the skewness to misclassifi cation of susceptible genotypes as resistant, especially the ones that had lost all four markers. This type of error was verifi ed when testcross analysis of fi ve such putatively recombinant plants demonstrated that they were in fact devoid of the resistance gene. This interpretation was also supported by marker-based genotyping of the Ren locus, which correctly indicated a susceptible genotype for three BC 6 S 1 plants that were classifi ed as resistant by singleplant nematode assays; testcross evaluations later confi rmed them as nematode-susceptible (Robinson et al., 2007; Fig. 5 ). This deduction is concordant with the fi nding that misclassifi cation of resistance phenotypes is higher among susceptible types and decreased to zero as resistance increased. The rates of misassignment by Robinson et al. (2007) for Deltapine 16 (susceptible control), GB-713 (highly resistant control), and G. longicalyx (immune) were 5.4, 3.6, and 0.0%, respectively. Both a priori empirical deduction and the examples above indicate that the likelihood of misclassifying a susceptible plant as resistant is higher than misclassifying a resistant plant as susceptible.
DISCUSSION
The creation of large populations solely for linkage mapping and the extensive use of progeny tests for genotyping are both resource and time-consuming and, in a limitedresource environment, can detract from breeding. This was certainly the case for reniform nematode resistance in cotton. To minimize the investments needed for gene mapping of the resistance gene, per se, we used families developed for breeding purposes and followed a threepanel strategy, which entailed stepwise application of progressively larger panels for screening progressively fewer loci. We also minimized the need for progeny testing to validate phenotype-based resistant or susceptible genotypes by relying on susceptible segregants as the source of data for recombinant versus nonrecombinant progeny. The eff orts effi ciently culminated in association of molecular markers with the responsible resistance gene or haplotype, mapping them to a specifi c chromosome and rendering the trait amenable to MAS, as well as further mapping and perhaps map-based or map-assisted cloning.
Our fi ndings point to important considerations when analyzing linkage in concert with a genetic improvement program. One option is to use populations of the breeding program for mapping, which can save time and resources, but which can also increase the diffi culty of accurate phenotypic classifi cation and mapping. Such complications are more likely if genetic control is not highly qualitative and if the relevant breeding materials exhibit extensive background genotypic variation that aff ects the trait of interest. Moreover, if individuals of multiple generations are to be phenotypically evaluated across multiple environments, this would likely lead to increased environmental eff ects and more variability among trait evaluations, especially if conducted in fi eld environments. In some situations, growth chambers and other means of environmental control may be essential to success. Another approach would be to construct an ad hoc mapping population, a process that requires both time and resources. Ideally, such a population would exhibit no background genotypic variation among individuals. Once constructed, a mapping population would be amenable to synchronous evaluation and thus a more uniform environment for trait evaluation. We used growth chambers and found the nematode-resistance screening of individual seedlings to be a powerful but imperfect means of discerning individual genotypes. Progeny testing provided a more robust means of accurate classifi cation, but was more resource-and time-consuming. Nevertheless, the data on misclassifi cation clearly indicated that the accuracy of linkage mapping would be subject to error, unless it were accompanied by validation of all segregants classifi ed as "resistant."
Using a common overall population of 984 individuals, we examined four approaches to validate resistance genotypes, or to obviate the need of validation. First, we used progeny test validation to establish 147 genotypes, and thus to establish initial linkage estimates, and to establish a nematode assay "cut-off " value (12%) for classifying resistant versus susceptible genotypes. Second, we used the close linkage relationship (BNL3279-Ren-Fzg) to conduct markerassisted genotyping to determine genotypes of the nonrecombinant individuals, which were the vast majority. We relied on the assumption of no Ren-encompassing double crossovers between BNL3279 and Fzg. For the few markerrecombinant individuals, Ren genotypes were assigned from nematode assays, relative to the 12% classifi cation criterion. Third, we used the 12% cut-off value to classify all 984 genotypes of the overall population, except the 147 assigned by progeny testing. Fourth, we avoided potentially misclassifi ed genotypes by selective sampling of nematode-susceptible genotypes with individual plant assay values (%DP-16) exceeding 32.5%, which yielded a mapping population of 390 reliably classifi ed susceptible segregates.
The map based on progeny-tested individuals (147) was of high quality and subsequently useful in additional investigations. It enabled marker-assisted genotyping of the resistance gene and allowed us to establish a cut-off value for genotyping based on nematode assays. However, the impracticality of large-scale progeny testing underscored the desirability of single-plant methods that would enable high-resolution mapping of the resistance gene, especially methods robust enough to enable accurate linkage map construction from large breeding populations that had already been assayed for the resistance.
The other three approaches relied on marker-assisted genotyping of the resistance locus, use of a cut-off value for genotypic classifi cation, or on preferential usage of a subset of the overall population that was highly amenable to accurate genotyping by direct phenotypic classifi cation without progeny testing. The approach based on markerassisted genotyping was very eff ective because it reduced overall reliance on nematode assays for genotyping the Ren locus. However, it required close linkage between bilaterally fl anking markers to empower the assumption of no double crossovers and to increase the population percentage to which marker-assisted genotyping could be applied (nonrecombinants only). Individuals recombinant for either of the most proximal fl anking markers were not amenable to marker-assisted genotyping of the Ren locus, for which Ren-locus genotypic classifi cations necessarily relied on phenotypic assays (12% cut-off value). The approach based on population-wide (984) application of the 12% cut-off value yielded recombination estimates quite similar to those from the marker-assisted genotyping analysis but would empirically seem more susceptible to potential classifi cation errors, such as those due to uncontrolled variation in nematode assays. In the fourth approach, based on genotype-specifi c sampling, the need for validation was avoided by restricting the linkage mapping population to a subpopulation for which genotypic assignments were especially reliable. In constructing the susceptible-based map, we relied exclusively on very conservatively classifi ed susceptible segregants. In terms of maximum likelihood estimation, the loss of "information" for calculating linkage, sensu Mather (1951) , by relegating analysis to only susceptible segregants would expectedly be more than off set by the ability to expand population size, and increased confi dence in results. This approach, however, is relegated to situations in which a phenotypic range can be unerringly associated with a specifi c genotype. The map distances in the susceptible-based map (Fig. 6D) are somewhat smaller than corresponding distances in the other three maps (Fig. 6A-C) . The reduction observed in this map is inferably related to the significant disproportionate recovery of recombinants among nematode-resistant segregrates, as noted in the "Results" section, but the causes are yet to be determined. Overall similarities of the four maps (Fig. 6) suggest that progeny testing, marker-assisted genotyping, and genotypeselective sampling all led to informative linkage mapping results and that researchers have some leeway in choosing the mapping approaches according to practical concerns, without unduly infl uencing map results.
The linkages reported here establish a basis for conducting marker-assisted selection and further research. As a molecular marker, BNL3279_114 permits genotyping at essentially any stage of the life cycle and is very close to Ren, whereas green fuzz classifi cation requires no DNA extraction but requires seed formation, and Fzg is not as close to Ren. The association of both Fzg lon and BNL3279_114 with Ren as fl anking tightly linked codominant markers renders the marker-assisted screening process much more effi cient and reliable. Nevertheless, improvements are possible and should be sought. For example, we have observed the repulsion marker BNL1231 to be completely linked to Ren and project that conversion of this repulsion marker into a codominant marker would allow BNL1231 to identify resistant plants in backcross breeding programs. Development of molecular markers closer to Ren than Fzg would enable fl anking markers to be applied at any stage of development and also reduce the likelihood of discordance between Ren and marker-assisted selection or genotyping.
